We present a simple mechanism for generating a Higgs quartic in composite Higgs models without a corresponding quadratic term. The extra quartic will originate from a Higgs dependent kinetic mixing between additional fermionic states. The mechanism can be naturally embedded to models with maximal symmetry as well as Twin Higgs models. The resulting Twin Higgs models will have a fully natural realistic Higgs potential, where the quartic mechanism will serve as the only source for the Z2 breaking, while the top and gauge sectors can remain exactly Z2 invariant.
I. INTRODUCTION
The sensitivity of the Higgs potential to very large energy scales makes it unstable to quantum corrections. Stabilization of the scale of electroweak symmetry breaking (EWSB) is one of the most profound problems in particle physics. One can eliminate this sensitivity to UV scales by introducing new physics (such as supersymmetry) not too far above the EWSB scale. Of such new physics models, the pseudo-Nambu-Goldstone (pNGB) Higgs [1] [2] [3] [4] [5] (for reviews see [6] [7] [8] [9] ) is one of the simplest and most widely studied. In such models the Higgs potential originates from the interactions that explicitly break a shift symmetry that would otherwise forbid the generation of a Higgs potential. The mechanisms that ensure that the resulting Higgs potential remains free of UV divergences include collective symmetry breaking [4] , discrete symmetry [10, 11] or maximal symmetry [12, 13] .
The main difficulty of such pNGB Higgs models is that the Higgs quadratic and quartic terms are generically strongly correlated making it very difficult to separate the scale of new physics from the scale of EWSB, which conflicts with precision measurement and direct detection. Since the quadratic and quartic terms are generated by the same dynamics, it is usually hard to enhance the quartic without also increasing the quadratic term. Hence usually a tuning of order a few percent level is needed to produce the little hierarchy of the EWSB and the new physics scales. Models that produce an adjustable Higgs quartic term without introducing a Higgs quadratic provide an elegant solution to the little hierarchy problem. An example of this type are 6D models [14] where a tree-level quartic can originate from the gauge boson components along the extra dimension, or the little Higgs models [4, 15] based on dimensional deconstruction of the 6D theory. However these models are usually quite complicated and also require additional pNGBs, such as the second Higgs doublet (ie. the generated quartic is that of a two-Higgs doublet model and not a true SMlike Higgs quartic).
In this work we propose a novel mechanism to produce an adjustable Higgs quartic self-coupling from loop corrections without a corresponding Higgs quadratic term.
We introduce an electroweak (EW) triplet and singlet fermion and observe that if their kinetic terms are independent of the Higgs field, we will only produce a Higgs quartic term in the 1-loop effective potential but no Higgs quadratic term. The simple underlying reason is that a triplet-singlet mixing neccessarily involves at least two Higgs insertions. Moreover, the sign of the generated quartic will be positive if the Yukawa term mixing the triplet and the singlet is momentum dependent (while momentum independent mixing term always give a negative contribution). The recently proposed maximal symmetry [12, 13] has exactly the right properties for this mechanism: it's main effect is exactly to protect the effective kinetic terms from Higgs dependent corrections. Thus models with maximal symmetry can naturally produce a positive and adjustable Higgs quartic term. Our mechanism can be simply implemented in any pNGB Higgs model based on deconstruction or warped extra dimensions scenario without having to introduce any additional structures. We show that the tuning in these models is greatly reduced, for example the minimal implementation of maximal symmetry will have about 5% tuning. In twin Higgs models the additional quartic will allow the top and gauge sectors to remain exactly Z 2 invariant, leading to models with no tuning whatsoever. The structure of this paper is organized as follows. In Sec. II we explain our mechanism of generating a Higgs quartic term. In Sec. III we show how the requisite Higgsdependent kinetic mixing can be obtained from integrating out heavy fields. In Sec. IV we present a concrete realization of this mechanism in the SO(5)/SO(4) pNGB Higgs model based on the two site moose with minimal maximal symmetry [13] . In Sec. V we apply our mechanism to the SO(8)/SO(7) Twin Higgs model which will allow the top and gauge sectors to remain exactly Z 2 symmetric. In Sec. VI we discuss EWSB and the fine tuning needed in the two example models and show some numerical results. We find that the colored top partners can be heavy enough to evade LHC direct detection with modest tuning in the first model, while fully natural EWSB without any tuning can be achieved in the Twin Higgs model. We conclude in Sec. VII. The appendices contain the detailed expressions of the form factors in the effective Lagrangian, the descriptions of the top and gauge sectors of model with maximal symmetry, as well as the details of the Twin Higgs model.
II. GENERATION OF THE HIGGS QUARTIC
In this section we illuminate the essence of our simple mechanism for producing an adjustable Higgs quartic coupling based on pNGB Higgs model. We introduce the electroweak (EW) triplet ∆ and singlet η Dirac fermions, both of which are assumed to be elementary. For simplicity first we assume that they are massless (but in the full model all allowed mass and Yukawa terms will be added). If the triplet and singlet mix through a Yukawa coupling involving the SM Higgs in the low energy effective theory, in momentum space the leading order Lagrangian will be given by
where f will be the pNGB Higgs decay constant and H is the Higgs doublet. The quantum numbers of the two Dirac fermions under SU (2)
Note that the choice of triplet and singlet representations under SU (2) L is essential: since ∆ carries two SU (2) indices and η does not carry any, their Yukawa coupling has to contain at least two Higgs doublets. Thus if this mixing terms is the only Higgs dependent term in the effective Lagrangian (1) while the kinetic terms are Higgs independent, then one can only get a contribution to the Higgs quartic term without obtaining a shift in the Higgs mass term.
Treating the Higgs as a background field, we can obtain the leading one loop correction to the Higgs potential from the loop of the triplet and singlet fermions:
where in the second line we performed a Wick rotation to Euclidean space
is positive definite. Thus we find that the Yukawa coupling of triplet and singlet fermions always produces a negative correction to the Higgs quartic coupling, unlike what one needs for successful EWSB. From this detailed examination of the correction it is however clear how this problem can be solved: we expect that if one uses a Higgs dependent kinetic mixing rather than a Yukawa mixing the sign could be reversed, since we will pick up an extra p 2 term in the Feynman diagram, which after Wick rotation will provide an additional sign flip.
The Lagrangian describing the kinetic mixing of the triplet and singlet fermions can be parametrized as
where we can see that the Yukawa coupling now contains the extra momentum factor. The leading one loop correction to the Higgs potential can be explicitly expressed for this case as
As expected an extra p 2 factor shows up with compared to the previous case, which will flip the sign of the contribution to the Higgs quartic after the Wick rotation to Euclidean space is performed. Thus we find that for the case of kinetic mixing the induced Higgs quartic is always positive. We emphasize again that we have made the crucial assumption that the effective kinetic terms of the triplet and singlet fermions are Higgs independent. Otherwise corrections to the Higgs mass term will also be produced, and the quadratic and quartic terms would remain linked. Note that for the case of scalar triplet and singlet both the Yukawa and kinetic mixings will always produce a negative shift in the Higgs quartic. For the case of mass mixing of scalars the propagators in the loop will contribute a factor of i 2 /p 4 which will result in the same sign as the case of mass mixing with fermions after the Wick rotation is performed. For the case of scalar kinetic mixing we gain a factor of p 4 (rather than the p 2 for the case of kinetic fermionic mixing) thus the sign will not be flipped in this case. Hence we can see that only the case of kinetic fermionic mixing will produce the desired positive shift in the Higgs quartic self coupling.
To summarize we found two necessary conditions for producing an adjustable and positive Higgs quartic in the triplet-singlet model:
• The effective kinetic terms must be Higgs independent;
• The triplet-singlet mixing must be momentum dependent.
The first condition is exactly the main consequence of models with maximal symmetry, which we will take advantage of. In the next section we will briefly explain how the desired Higgs dependent kinetic mixing can be obtained.
III. GENERATION OF THE EFFECTIVE KINETIC MIXING
So far we have established that a positive shift in the Higgs quartic can be obtained from a theory with a kinetic mixing between the triplet and singlet fermions. Before we present our full model we would like to first demonstrate how such a mixing can be easily generated in the effective theory. The key is to consider a chiral mixing between the fermions ∆, η and some heavy fermion ψ. Such linear couplings between elementary (∆, η) and composite (ψ) fields show up naturally in models of partial compositeness in composite Higgs models. For a simple illustration we introduce an SU (2) L doublet fermion Ψ 2 with the most general chiral mixing with the ∆, η:
After integrating out the heavy fermion we find the following effective mixing terms in the low-energy effective Lagrangian:
where M is the mass of the heavy field. We can see that in the general case we get both the kinetic and Yukawa mixings in the effective Lagrangian (leading to both positive and negative contributions to the Higgs quartic). However one can easily turn off either the mass or the kinetic mixing by dialing the various λ L,R couplings. For example, if we turn off the right handed or the left handed couplings (e.g. λ 1,2R = 0 or λ 1,2L = 0), we will only get the kinetic mixing term, while if we turn off one left handed and one right handed coupling (e.g. λ 1R = 0 and λ 2L = 0), we will only get the Yukawa mixing term. The simple lesson from this toy example is that a purely chiral mixing with the heavy fermion will produce the desired kinetic mixing in the effective theory. Below we will put all the various ingredients discussed above together to produce a realistic model realizing the mechanism for an enhanced quartic.
IV. IMPLEMENTATION IN THE SIMPLEST TWO SITE MODEL
So far we have explained what the essential ingredients needed for generating the positive shift in the quartic coupling are. In this section we will show how to actually obtain a complete realistic model of this sort by embedding it into a simple 2-site composite Higgs model. For this we will use the simplest implementation of maximal symmetry recently proposed in [13] . As explained above we need to use maximal symmetry in order to ensure that the kinetic terms of the fermions do not themselves depend on the Higgs field (preventing the generation of
Gauge sector of the two-site model a shift in the mass term). First we review the construction of the minimal model with maximal symmetry and then add the additional fields needed to implement the mechanism involving the Higgs dependent triplet singlet kinetic mixing. The minimal model with maximal symmetry is using two sites which realized the SO(5)/SO(4) coset space. It can easily be generalized to N sites or a full continuous extra dimension but in this paper we will only focus on the simplest two site version. Both sites will have an SO(5) global symmetry thus the full global symmetry is SO(5) 1 × SO(5) 2 . A link field U 1 in the bi-fundamental representation of the global symmetry connects these two sites and breaks the global symmetry to the diagonal subgroup (5) 1 at the first site is gauged and identified with the usual EW symmetry, while at the second site the entire SO(5) 2 is gauged, as shown in Fig. 1 . This gauged SO(5) 2 is critical for the appearance of maximal symmetry. To realize the SO(5)/SO(4) coset, the gauge symmetry at the last site should be broken to SO(4) via a scalar in the 5-dimensional vector representation of SO(5) 2 with VEV V = (0, 0, 0, 0, 1). The linearly realized pNGB field H corresponding to this symmetry breaking can be parametrized as H = U V, where U is the non-linear sigma field of the coset space correponding to the breaking on the second site SO(5) 2 /SO(4). Some of the pNGB's will be eaten by the gauge bosons that become massive. In the end we are left with a single set of pNGBs corresponding to the SO(5)/SO(4) coset. These uneaten pNGBs can be described by the linear sigma field H = U V in the fundamental representation of SO(5) 1 with U = U 1 U . Under unitary gauge, only the physical Higgs h remains, and the field H can be parametrized as
with s h ≡ sin h/f and c h ≡ cos h/f . Once we have the setup for the coset space we introduce the fermions in a way that corresponds to the minimal implementation of maximal symmetry. For this the triplet ∆ should live on the first site and the singlet η on the second site. On the second site, we also introduce a Dirac fermion Ψ 14 in 14 (traceless symmetric) representation of the gauge symmetry SO(5) 2 as the heavy composite modes, with which the ∆, η fermions will mix. In order to interact with Ψ 14 , the ∆ should also be embedded in the 14 representation of the
The triplet/singlet sector in two sites model. symmetry:
where
The setup for this 2-site model is illustrated in Fig .2 . The most general Lagrangian for the fermion fields invariant under the global SO(5) 1 × SO(5) 2 is given by
The composite sector has an emlarged SO(5) 2L × SO(5) 2R global symmetry is broken by the fermion mass term and leaving behind the maximal symmetry SO(5) 2V . This maximal symmetry always allow some phase redefinitions on Ψ 14 to shift the pNGB fields. It actually preserves a shift symmetry in the triplet sector(Ψ 14 → U T 1 Ψ 14 U 1 ) and separately in the singlet sector(Ψ 14 → U Ψ 14 U T ). These shift symmetries are collectively broken by the triplet and singlet sector. After integrating out the Ψ 14 , the only Higgs dependent term in the effective Lagrangian will be the triplet and singlet mixing term. Thus the Higgs potential must be proportional to ∼ (λ ∆ λ η ) 2 and is only logarithmically divergent according to power counting.
Upon integrating out the massive Ψ 14 , the effective Lagrangian for ∆ and η invariant under the global symmetry SO(5) 1 in momentum space is parametrized as
where the full expressions of form factors are presented in Appendix A. We can see that only the mixing terms between triplet and singlet depend on the Higgs due to maximal symmetry. If we express this effective Lagrangian in terms of the Higgs field, we find that all mixing terms are proportional to s 2 h . Further integrating out the triplet ∆ we obtain the effective Lagrangian for the singlet:
where the expressions of Π 
For s h 1, we can expand the above Higgs potential and the leading term is
with
where Λ ≈ 4πf is strong dynamics confine scale. Note that in the most general case, in addition to the kinetic mixing terms giving rise to a positive shift in the quartic we also obtain momentum independent left-right mixing terms in the effective Lagrangian (12) . These will generate a negative contribution to the Higgs quartic coupling as we discussed in Sec.II. In total there are four independent triplet-singlet mixing terms in the effective Lagrangian and any two of them can be contracted in a loop to give contributions to the Higgs quartic coupling. The sum of these contributions can be both positive and negative: the sign depends on the actual choices of the parameters in the model. We uniformly scanned the whole parameter space and found that the region corresponding to a positive β ∆ is large, which implies that in this model we can naturally obtain a positive shift Higgs for the quartic coupling. Details of this scan along the discussion of the remaining fine tuning will be presented in Sec.VI, where we will show that β ∆ can be big enough to produce the observed Higgs mass with a small amount of tuning. The additional contributions to the Higgs potential from the top and gauge sectors are identical to those in models with minimal implementation of maximal symmetry, and are reviewed in App. B and C.
V. TWIN HIGGS
Our mechanism of inducing a positive quartic is particularly interesting in the context of Twin Higgs Models [10, [16] [17] [18] [19] [20] . Twin Higgs models (THM) solve the hierarchy problem by introducing a Z 2 parity s h ↔ c h between the top and the twin top, where the twin top is SU (3) c color neutral. As a consequence of this Z 2 parity (which has been called Trigonometric Parity (TP) in [11] and originates from the geometry of symmetric coset spaces) the color neutral twin top will cancel the quadratic divergences of the ordinary top, thereby realizing neutral naturalness. As a consequence ordinary (colored) top partners are expected to be very heavy and can easily evade bounds from direct searches. In order to achieve realistic EWSB, the Z 2 parity in Higgs potential must be broken (otherwise the Higgs VEV will be at s 2 h ≈ 0.5). The usual approach to breaking this Z 2 is introducing an additional Higgs quadratic term, such as a Z 2 -breaking gauge contribution [11] , which partially cancels the quadratic term from the Z 2 preserving sector to ensure a small s h . This cancellation is also the origin of the main tuning in THMs.
In this section we propose a novel way to break the Z 2 parity and achieve realistic EWSB in THMs, which will completely eliminate any leftover tuning in these models. We introduce our mechanism of generating a Higgs quartic coupling into the THMs and use this extra Higgs quartic term (rather than a usual quadratic term) for the source of the Z 2 breaking which will not introduce any tuning.
The minimal coset space that preserves the TP in the gauge sector is SO(8)/SO(7). The EW gauge symmetry SU (2) L × U (1) Y and the twin EW gauge symmetry SU (2) L × U (1) Y are separately embedded in the SO(4) 1 and SO(4) 2 subgroups which act on the first four and last four indices of SO (8) respectively. The 2-site implementation of this SO(8)/SO(7) twin Higgs is similar to the SO(5)/SO(4) case shown in Appendix.B. The divergences from the one loop EW gauge contributions to the Higgs potential are cancelled by their twin partners due to the Z 2 symmetry, and the leading order Higgs potential will be O(g 4 ) and of the form
where β g can be parameterized as
with c g a numerical constant. In order to preserve the Z 2 TP in the fermion sector, color neutral twin topsq L ,t R are introduced which transform under twin color SU (3) c . More details of the construction of SO(8)/SO(7) THM are shown in Appendix.D. The leading contribution to the Higgs potential from the top-twin top sector will be at O(y 4 t ),
The quadratic divergences will be canceled by the twin partners both in the gauge and the fermion sectors hence β g,f will only be logarithmically sensitive to the mass of the vector mesons and colored top partners. Hence the Higgs can be light even for heavy colored top partners with only a mild logarithmic tuning. However to achieve a realistic EWSB minimum away from the
one needs to explicitly break the Z 2 symmetry, which is usually done by introducing an explicit breaking in the gauge sector, leading to gauge
ρ . This is much bigger than the Z 2 preserving term and also sensitive to the gauge partner mass of m ρ . Usually this is also the leading source of the tuning in TH models. Our mechanism of generating the additional quartic will be able to significantly reduce this tuning. In our approach we leave the gauge sector Z 2 invariant and the only source of Z 2 breaking will be in the fermion sector responsible for the generation of the quartic. As before, the SU (2) L triplet ∆ will be embedded in the traceless symmetric representation, which in the case of SO (8) is a 35. Just like before the ∆ will be added at the first SO(8) site while the singlet η at the second site. The explicit embedding of ∆ in 35 is
It is the fact that we only introduce a single ∆ triple (and no twin ∆ that could be in the lower right 4 by 4 corner of the above matrix) that is the source of Z 2 breaking, which will eventually lead to a shift in the quartic s (8) 2 which will mix with ∆ and η as explained in the previous sections. The rest of the construction is completely analogous to the SO(5)/SO(4) case. After integrating out all the fermions we will get an adjustable Higgs quartic term and the form of the Higgs potential is
Clearly the extra quartic term β ∆ breaks the Z 2 symmetry of the Higgs potential, and will give rise to a lrealistic minimum with no tuning at all as we will explicitly demonstrate in Sec. VI.
VI. HIGGS POTENTIAL AND FINE TUNING
In this section, we will discuss the properties of the Higgs potential in the two models with extra Higgs quartic terms presented above. We show that the fine tuning needed to obtain realistic EWSB is very significantly reduced due to our mechanism for generating the Higgs quartic.
A. Model with minimal maximal symmetry
In composite Higgs models the Higgs potential can be parametrized as
where it is assumed that for realistic EWSB VEV s h 1 hence higher powers of s h are neglected. The coefficients γ = γ f − γ g , β = β f + β ∆ include the fermion (f) and gauge (g) sector contributions, and we already added the extra quartic contribution from our mechanism β ∆ . The overall β has to be positive for a realistic model so the pNGB Higgs will acquire a VEV if γ > 0 with a minimum at
where ξ is a parameter measuring the separation between f and EWSB scale v. The Higgs mass in this vacuum is
Using v 2 /f 2 ∼ ξ, we see that the Higgs mass depends only on β/f 4 . The value of β reproducing m h = 125 GeV is
We can now calculate the tuning in the model with minimal maximal symmetry and consider the effect of the additional quartic. The expressions of γ f , β f in this model are (see Eq. (C8) ) where M f is a typical top partner mass. Without the additional contribution β ∆ to the quartic the model needs to have extremely heavy top partners because β f has only a logarithmic dependence on M f . If we fix ξ to 0.1 and m t ∈ [140, 170] GeV, a rough bound on M f is about M f 11 TeV to obtain a sufficiently heavy Higgs. Since γ f is much bigger than β f , γ f must first be tuned to be of order β f and then further tuned to ξβ which results in double tuning that can be quantified as
The strong bound on M f eventually results in a large tuning about ∆ 95/ξ, numerically about 0.1 percent or worse.
The addition of the extra quartic however improves the situation greatly, to the point that this model will need the smallest amount of tuning of composite Higgs models with heavy top partners. Before quantifying the tuning we first illustrate that our mechanism can indeed produce a sufficiently large positive Higgs quartic coupling. To demonstrate that we can easily achieve the value β from (26) we show a contour plot of β ∆ /f 4 in part of the righthanded coupling parameter space in Fig.3 , where we fixed the bare masses of Ψ ∆ , Ψ η and Ψ 14 at 4 TeV and also fixed the left-handed coupling to an appropriate value, (λ ∆ L , λ η L ) = (2f, 2f ). We see that for a sizeable fraction of the parameter space β ∆ is sufficiently large to produce the observed Higgs mass.
With the addition of this adjustable Higgs quartic cou- pling, the tuning becomes
where we use M f (M f ) to denote the typical top partner mass for achieving right Higgs mass after (before) β ∆ is added and their relation is
Notice that β is actually fixed by the Higgs mass so the enhancement of β ∆ will reduce β f which will result in a great reduction of the top partner mass. Hence the original double tuning will be strongly suppressed by M f /M f . In terms of the physical parameters the tuning will be
where g f ≡ M f /f . If we require M f to be at least 2 TeV, the tuning will be ∆ 2.3/ξ, which for ξ = 0.1 corresponds to a roughly 5% tuning. This rough estimate can be verified by the numerical scan in Fig.4 , where we show the tuning as function of the top partner and gauge partner masses for ξ = 0.1 with Higgs mass fixed m h = 125 GeV and m t ∈ [140, 170] GeV.
As a comparison we present the estimate for tuning in the more standard holographic composite Higgs models or their deconstructed versions. Generically these models have a double tuning because γ f appears at order O(y t ) and β f at order O(y 2 t ). In addition these models also require a non-generic top partners spectrum in which some of the top partners are anomalously light with mass M p below the typical top partner mass scale M f . Such states are needed to ensure that the Higgs is sufficiently light [21] . In fact the typical value of the lightest top partner mass is generically below 1 TeV, with an upper bound of around 1.5 TeV for ξ fixed at 0.1 in these models [21, 22] . For example in [22] a single light top partner of 600 GeV was assumed in a three-site model. Top partners this light are excluded, since the most recent bounds on generic top partners is of order 1.5 TeV. The only way to make these models viable is by lowering the value of ξ and thereby raising the mass scale of all partners, at the price of increasing the tuning. The tuning in the 5d holographic models is [21] (assuming the sub-TeV top partners)
where g f = M f /f . The additional tuning due to the lowering of ξ is
where M p is the mass scale of the lightest sub-TeV top partner in the original model which is enhanced to M p after ξ is lowered. Numerically we find ∆
where ∆ is the tuning in our model with minimal maximal symmetry and the additional quartic (see Eq.30 and take g f ≈ g f ). If we set M p to 2 TeV and choose M p to 1 TeV for ξ = 0.1, we find ∆ 5+5 ξ ≈ 8∆ . Hence our model has at least about 8 times less tuning than the holographic/deconstructed composite Higgs models with comparable parameters. Note that increase of the experimental bound on M p will increase the ratio between the tuning in holographic CHM's vs. our model presented here.
Finally we discuss the tuning for the case of ordinary maximal symmetry [12] . For this model both γ f and β f are at the order O(y 2 t ) and approximately equal, γ f ≈ β f . Hence this model doesn't have double tuning and its tuning is minimal about 1/ξ,
Note however that since β f is O(y 2 t ), the Higgs mass is sensitive to the top partner masses. Hence a light top partner is required in order to get a light Higgs. The typical value of the lightest top partner mass is below 1 TeV for ξ fixed to 0.1, which is already excluded by the most recent LHC searches. To raise the top partner mass one has no choice but to reduce ξ to ξ with ξ /ξ = M 2 p /M 2 p as in the previous case. Hence, similar to Eq. (32), the final tuning in the ordinary maximally symmetric model will be
If we add our Higgs quartic mechanism to this model, the tuning will be reduced to
where M F is the lightest top partner mass after β ∆ is added. Note that M F is smaller than M p because the addition of β ∆ will always reduce the top partner masses. Hence we will now reduce the ξ of the model even further, by a factor of M 2 F /M 2 p . The final resulting tuning will be again
as for the ordinary maximally symmetric model with the difference that the model with the additional quartic has a smaller ξ (for the same top partner spectrum). Hence it corresponds to weaker couplings and smaller corrections to the Higgs branching ratios. The reason why the quartic generation mechanism is not very effective for the case of ordinary maximal symmetry is that this model doesn't have heavy top partners. Generically the Higgs quartic mechanism can be used in any pNGB Higgs model with maximal symmetry to reduce the tuning. But the amount of reduction in the tuning depends on how heavy the top partners are: The models with the heaviest top partners will enjoy the biggest gains in the tuning due to the addition of β ∆ .
B. Twin Higgs model
Our mechanism for generating a Higgs quartic has very beneficial effects in THM's. Before we explicitly estimate the effects on the tuning we would like to emphasize that the effect of the quartic on THM's is different from the cases considered before. THM's have a Z 2 symmetry which will soften the Higgs potential by eliminating the leading order contributions, which will also greatly reduce the tuning. However for achiving realistic EWSB the Z 2 has to be broken either in the gauge or the top sector, which will reintroduce the sensitivity to the partner masses and some of the tuning into the model. The beauty of our mechanism of generating the quartic is that this could also be the source of Z 2 breaking, allowing the top and gauge sectors to remain exactly Z 2 invariant and without introducing any tuning. In essence the Higgs quartic mechanism will ensure that the Z 2 symmetry of the gauge and top sectors has the maximal effect on softening the Higgs potential.
To examine the effect on the tuning in detail we assume that the origin of the Z 2 breaking is from our mechanism of generating the extra quartic. Then the Higgs potential can be parametrized as
In this case, the Higgs VEV will be at
For a TH without Z 2 breaking the Higgs VEV would be at ξ = 0.5. The main effect of the Z 2 symmetry is to soften the Higgs potential by eliminating the leading order contributions (and hence the main dependence on the top/gauge partner masses). Once the Z 2 is broken to allow for realistic EWSB, the dependence on the top/gauge partner will be reintroduced, enhancing γ f (or γ g ). To obtain a small ξ we will then need some cancellation between γ f and γ g leading to the main source of tuning in this model. This is in sharp contrast to the situation in our new model where the Z 2 parity is broken by the additional Higgs quartic term, which also results in the enhancement of β. In this model a small ξ can be achieved without breaking the Z 2 in the top and gauge sectors. Both γ f and γ g are vanishing at the leading order due to the exact Z 2 symmetry in the top and gauge sectors. Hence both γ f and γ g remain small and insensitive to the partner masses, unlike in ordinary twin Higgs models where the Z 2 breaking raises γ f,g back the leading order. For example, with Z 2 breaking in the gauge sector in the SO(6)/SO(5) TH model of [11] γ g can be estimated as
where g 1 is a gauge coupling of an additional U(1) η . In our model with the additional quartic we find using (B6)
We can see that this model is in fact not tuned at all, but provides an example of a viable fully natural electroweak symmetry breaking. There could potentially be two sources of tuning -in obtaining the desired values of β ∆ and γ. Evaluating the tuning for the quartic we obtain with
Numerically we find ∆ λ 0.7 for ξ = 0.15 and with the lightest top partner mass above 2 TeV. Hence there is no tuning at all. The other potential source of tuning would be from the dependence of γ on the resonance masses, but as we see in (40) that there is only a mild logarithmic dependence on m 2 ρ hence this will not be tuned either, yielding a fully natural Higgs potential.
We would like to compare this situation numerically with the tuning in ordinary TH. The main tuning in ordinary TH comes from the sensitivity to m ρ and is a constant when the mass of ρ meson is light (lower than 3 TeV),
So the tuning in ordinary TH is about 7 times bigger than in our model for ξ = 0.15, numerically ∆ T H ∼ 5. Moreover, things will become slightly worse in ordinary TH
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The form factors in the singlet effective Lagrangian are defined by
Appendix B: Gauge sector
In this section, we present the details of the gauge sector in the 2-site SO(5)/SO(4) model. The NGB fields can be parameterized as
where T a is the generator of SO (5) and Tâ is the one in SO (5) In this Appendix we present the fermion sector which is identical to that in [13] . The top partner multiplet Ψ 5 is in the 5 representation of SO (5) 
The most general Lagrangian invariant under the gauge symmetries for these fermions is given by
We find that the top partner sector has an enlarged global SO(5) L × SO(5) R symmetry broken by the mass term to the diagonal subgroup SO(5) V which is the maximal symmetry. This maximal symmetry will ensure that the effective kinetic terms remain independent of the Higgs and hence result in a finite Higgs potential. After integrating out the Dirac fermion multiplet Ψ 5 , the effective Lagrangian can be expressed in the global SO(5) 1 invariant form in momentum space
with the form factors
The top mass can be extracted from the above interactions
where M T = 
where γ f = N C (4π) 2 dp
We find that β f is quartic in the top Yukawa coupling. According to power counting, β f can be parametrized as
where c f is an O(1) numerical constant and M f is top partner mass scale. β f is insensitive to the top partner masses. As discussed in [13] , β f is not big enough to produce the observed physical Higgs mass, hence the additional adjustable Higgs quartic is necessary and also helpful to reduce the tuning. (8) 1 . If the gauge couplings are equal, g =g and g =g , the Lagrangian will have a Z 2 exchange symmetry defined as
where A µ ≡ gA 
It's easy to check that this Z 2 is an exchange symmetry between the SM EW sector and its twin sector which include the Higgs TP(A a µ ↔Ã a µ , B µ ↔B µ , s h ↔ c h ). So the Higgs potential must be Z 2 invariant.
For the fermion sector, the embedding of the top and twin top into SO (8) 1 is
At the second site, an SU (3) c tripletΨ 8 in the fundamental representation of SO(8) 2 should also be introduced to interact with twin top fields. Similar to Eq.(C2),the Z 2 invariant Lagrangian is parameterized as
where the Z 2 transformation of the fermion multiplets is defined as
The Higgs potential from fermion sector will also be Z 2 invariant.
